In this paper, an advanced partitioned-stator switched-flux dual-excitation (PS-SFDE) machine, which is highly suitable for hybrid electric vehicles (HEVs), is proposed. By artfully implementing two excitation sources, namely the high-power-density permanent-magnet (PM) source and the DC-field excitation source, the proposed machine can take benefits from both sides. Unlike the existing PS-SFDE machines that sacrifice the PM materials for DC-field winding accommodation, the proposed machine instead shares the space of the armature winding with the DC-field winding. Hence, comparable power and torque levels can be potentially achieved.
Introduction
Owing to the increasing concerns regarding the emerging problems of energy crisis and environmental pollution, the discussion on hybrid electric vehicles (HEVs) has drawn much attention [1] [2] [3] [4] . Serving as one of the key components of the HEV system, electric machines should be able to fulfill several criteria including [5] [6] [7] [8] In the past years, various electric machine types, including the induction machine, switched reluctance (SR) machine, and interior permanent-magnet (IPM) machine have been developed for HEV applications [9] . However, each of these machines suffers from its own demerits. For instance, the induction machine generally suffers from low power density [10] , the SR machine from low efficiency [11] , and the IPM machine from a large torque ripple [12] . On the other hand, the switched-flux permanent-magnet (SFPM) machine might be able to fulfill the mentioned requirements, and this type of machine has become the major research stream in the past years [13] [14] [15] . The partitioned-stator SFPM (PS-SFPM) machine, which utilizes the inner space to improve machine performances, has been proposed recently [16] . Nevertheless, the same as the other PM machines, the PS-SFPM machine also suffers from undesirable flux-weakening performance.
To provide a better flux-weakening capability, the concept of the external flux adjuster (FA) has been developed [17] [18] [19] . With the installation of mechanical FAs, the PM flux density can be
Partitioned-Stator Machines
The PS-SFPM machine, the FA-PS-SFPM machine, and the PS-SFDE machine are shown in Figure 1 . Unlike the previous design that employs the common pole-pair combination, i.e., twelve-stator-slots ten-rotor-poles [19] , the proposed machines instead employ relatively less common pole-pair combinations, i.e., three-phase twelve-stator-slots thirteen-rotor-poles. With this pole-pair arrangement, a smaller torque ripple pulsation can be potentially achieved [22] . To have a fair comparison, all three machines are design based on the machine structure, i.e., the dual-stators sandwiched-rotor structure. To avoid magnetic saturation within a particular region, the armature windings and the PM materials are purposely installed in the outer-stator and the inner-stator separately. Since the three machines are the extension from the profound SFPM machine, their key design equations such as the pole arrangements can be derived from that of its ancestors [13] . The three proposed machines consist of the unique flux-weakening arrangements, i.e., (i) the PS-SFPM machine can weaken its flux density based on its armature currents; (ii) the FA-PS-SFPM machine on the mechanical FA installation; and (iii) the PS-SFDE machine on the independent DC-field currents.
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The PS-SFPM machine, the FA-PS-SFPM machine, and the PS-SFDE machine are shown in Figure 1 . Unlike the previous design that employs the common pole-pair combination, i.e., twelvestator-slots ten-rotor-poles [19] , the proposed machines instead employ relatively less common polepair combinations, i.e., three-phase twelve-stator-slots thirteen-rotor-poles. With this pole-pair arrangement, a smaller torque ripple pulsation can be potentially achieved [22] . To have a fair comparison, all three machines are design based on the machine structure, i.e., the dual-stators sandwiched-rotor structure. To avoid magnetic saturation within a particular region, the armature windings and the PM materials are purposely installed in the outer-stator and the inner-stator separately. Since the three machines are the extension from the profound SFPM machine, their key design equations such as the pole arrangements can be derived from that of its ancestors [13] . The three proposed machines consist of the unique flux-weakening arrangements, i.e., (i) the PS-SFPM machine can weaken its flux density based on its armature currents; (ii) the FA-PS-SFPM machine on the mechanical FA installation; and (iii) the PS-SFDE machine on the independent DC-field currents. Unlike the PS-SFDE machine that places its DC-field windings within the same spaces as the high-energy-density PM pieces [19] , the proposed PS-SFDE machine instead installs its DC-field windings within same spaces as the armature windings. In the previous design, some of the potential spaces for PM accommodation were sacrificed for DC-field winding, and hence its power and torque densities were degraded. In the proposed design, the DC-field winding no longer shares any space with PM materials and this topology enables the machine to boost its power and torque densities to their limits. As a result, the proposed machine can potentially provide satisfactory power and torque densities, even when compared with its PS-SFPM counterpart.
The three proposed machines, namely the PS-SFPM, the FA-PS-SFPM, and the PS-SFDE machines are developed with respect to the passenger HEV requirements [14] . To offer a more comprehensive comparison, the popular Prius HEV machine is also taken into account as a benchmark. To fairly compare all of these machines, their most important parameters are chosen to be the same.
Principle of Operations
To explain the operating principles of the three machines, the PM field paths of the PS-SFPM machine are shown in Figure 2 . Not surprisingly, the proposed machines illustrate equal field path patterns, i.e., if the machine rotates at a 180 electrical angle, its field direction is reversed correspondingly. As a result, all the SF machines can produce bipolar flux-linkage patterns, and these machines can potentially generate better power and torque than the unipolar machines [7] .
Because all of the SF machines are developed from fundamental SFPM ancestors, they can also be powered with some profound operating schemes [6] . In particular, the armature current I is injected regarding the status of their flux-linkages Ψ. Consequently, the resultant torque T is produced. This operating scheme is generally known as brushless AC (BLAC) operation, as shown in Figure 3 . Upon the application of the BLAC operation, the proposed machines are able to seamlessly interact with their corresponding employed armature currents, and hence the undesirable torque ripple problem can be minimized. The BLAC operation can be achieved when the corresponding armature currents are
where i and Ipeak are the corresponding armature currents and the maximum value of the armature currents, respectively. Unlike the PS-SFDE machine that places its DC-field windings within the same spaces as the high-energy-density PM pieces [19] , the proposed PS-SFDE machine instead installs its DC-field windings within same spaces as the armature windings. In the previous design, some of the potential spaces for PM accommodation were sacrificed for DC-field winding, and hence its power and torque densities were degraded. In the proposed design, the DC-field winding no longer shares any space with PM materials and this topology enables the machine to boost its power and torque densities to their limits. As a result, the proposed machine can potentially provide satisfactory power and torque densities, even when compared with its PS-SFPM counterpart.
where i and I peak are the corresponding armature currents and the maximum value of the armature currents, respectively.
As previously mentioned, the three proposed machines can weaken their PM flux densities with their distinguished approaches. In particular, the PS-SFPM machine can weaken its PM field by regulating its armature currents. Meanwhile, the FA-SFPM machine can utilize the mechanical FAs to short-circuit the PM field, as shown in Figure 4a . As a result, the FA-SFPM machine can provide an outstanding flux-weakening capability. On the other hand, the hybrid PS-SFDE machine can independently control its DC-field currents to weaken its PM field density, as shown in Figure 4b . Consequently, the hybrid machine can offer both a satisfactory PM flux density and reasonable flux-weakening capability simultaneously.
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Numerical Approach
The numerical approach is generally accepted as a very useful method to analyze machine performances [6] . To develop machine models, three equation sets are described. The first one is the electromagnetic field equation as [23] :
where v is reluctivity, A is vector potential component, and J is current density. The second equation set is the circuit equation during motoring as:
where u is applied voltage, R is winding resistance, L is end-winding inductance, e is electromotive force (EMF), l is axial length, S is cross-sectional area of conductor, and Ωs is sum of the cross-sectional area of conductor. The final equation set is the motion equation as:
where Jm is moment of inertia, ω is operating speed, TL is load torque, and λ is damping coefficient. To analyze the machine performances, a well-defined finite element method (FEM) software is employed. With the iterative approaches, the optimization of the key machine parameters can be achieved. To make a fair comparison, the key machine parameters, namely outer-stator outside diameters, airgap lengths, stack lengths, winding fill factors, and current densities are set as equal. Consequently, all three proposed machines can be compared quantitatively in a fair environment. 
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The magnetic flux distributions of the proposed machines at no-load conditions are shown in Figure 5 . It can be seen that the magnetic flux distributions of the proposed machines consist of very uniform patterns and with no obvious saturations. It can then be anticipated that the machine parameters have been optimized throughout iteration. As a result, it can be suggested that the machines are able to achieve their corresponding optimum performances, in terms of efficiencies and losses. The Prius HEV machine is also included for illustration purposes, while their key design data is listed in Table 1 . The magnetic flux distributions of the proposed machines at no-load conditions are shown in Figure 5 . It can be seen that the magnetic flux distributions of the proposed machines consist of very uniform patterns and with no obvious saturations. It can then be anticipated that the machine parameters have been optimized throughout iteration. As a result, it can be suggested that the machines are able to achieve their corresponding optimum performances, in terms of efficiencies and losses. 
Machine Performance Analysis

Machine Performance at No-Load Conditions
The flux-linkage waveforms of the proposed machines are shown in Figure 6 . Since all three machines consist of the same operating principles, their flux-linkage patterns are very similar. In particular, the three machines can all produce flux-switching performances. As shown, the PS-SFPM machine exhibits the greatest flux-linkage magnitudes and hence should be able to produce the largest power and torque levels among the group.
Torque Performance Analysis
The output torque waveforms of the proposed machines are shown in Figure 7 . It should be noted that the PS-SFPM machine can only utilize the armature excitations for the flux-regulating operation, and its steady torque can reach up to 385 Nm. In the meantime, the FA-PS-SFPM machine in different scenarios, namely without any FAs, with only half FAs, and with full FAs, are about 376 Nm, 271 Nm, and 192 Nm, respectively. In addition, the PS-SFDE machine under three situations, namely with IDC = 0 A/mm 2 
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Torque Performance Analysis
The output torque waveforms of the proposed machines are shown in Figure 7 . It should be noted that the PS-SFPM machine can only utilize the armature excitations for the flux-regulating operation, and its steady torque can reach up to 385 Nm. In the meantime, the FA-PS-SFPM machine in different scenarios, namely without any FAs, with only half FAs, and with full FAs, are about 376 Nm, 271 Nm, and 192 Nm, respectively. In addition, the PS-SFDE machine under three situations, namely with I DC = 0 A/mm 2 , I DC = −15 A/mm 2 , and I DC = −30 A/mm 2 , are about 351 Nm, 309 Nm, and 293 Nm, respectively. Moreover, the torque ripple percentage K ripple can be calculated based on the following relationship:
where T avg , T max , and T min are the average, maximum, and minimum torque values, respectively. It is shown that the torque pulsation of the PS-SFPM machine is about 5.3%. The torque pulsation of the FA-PS-SFPM machine under corresponding situations are about 6.2%, 9.8%, and 13.4%, while those of the PS-SFDE machine are about 6.1%, 9.6%, and 12.8%. In addition, the cogging torques of the proposed machines are shown in Figure 7 . It is shown that the cogging torque of the PS-SFPM machine is about 16.2 Nm, which is around 4.2% of its rated torques. The cogging torques of the FA-PS-SFPM machine are 14.5 Nm, 6.3 Nm, and 4.1 Nm, as 3.9%, 2.3%, and 2.1% of its rated torques. For the PS-SFDE machine, its cogging torques are 13.8 Nm, 6.9 Nm, and 5.7 Nm, as 3.9%, 2.2%, and 1.9% of its rated torques.
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Flux-Weakening Performance Analysis
The flux-weakening performances of the PS-SFDE and the FA-PS-SFPM machines are calculated, while their no-load EMF waveforms with respect to various operating speeds are shown in Figure 8 . With the employment of the external FAs, it can be shown that the FA-PS-SFPM machine can weaken its no-load EMF values by about 47%. In the meantime, if its DC-field windings are injected with negative polarity, i.e., IDC = −30 A/mm 2 , the PS-SFDE machine can only weaken its no-load EMF values by about 18%. As a result, it can be shown that the proposed FA-PS-SFPM machine can provide greater flux-weakening capability than the PS-SFDE machine does. 
The flux-weakening performances of the PS-SFDE and the FA-PS-SFPM machines are calculated, while their no-load EMF waveforms with respect to various operating speeds are shown in Figure 8 . With the employment of the external FAs, it can be shown that the FA-PS-SFPM machine can weaken its no-load EMF values by about 47%. In the meantime, if its DC-field windings are injected with negative polarity, i.e., I DC = −30 A/mm 2 , the PS-SFDE machine can only weaken its no-load EMF values by about 18%. As a result, it can be shown that the proposed FA-PS-SFPM machine can provide greater flux-weakening capability than the PS-SFDE machine does. 
Evaluations on Key Criteria
The major machine performances are listed in Table 2 . As a key factor for HEV applications, the machine weight should be taken into consideration. While all machines consist of different weights, their differences are less than 4%. Provided that all key machine parameters are set as equal, it can be assumed that all machines can be compared fairly. The aim of this paper is to compare four proposed machines quantitatively and qualitatively, while the evaluations can still be applicable to other machine types. In particular, some quantitative figures, such as efficiency, power density, torque density, power per cost, torque per cost, can be utilized for objective comparisons. To further show the distinctive merits of the developed machines, the popular Prius HEV machine is utilized to serve as a benchmark.
With substantial installation of high-energy-density PM materials, the proposed PS-SFPM machine is able to provide the greatest torque and power levels within the comparisons. As a result, this machine is highly attractive for high-performance users.
Nevertheless, the PM sources are limited and hence the construction costs of the PM machine have become the dominating part for prototyping [24] . Undoubtedly, the cost-effectiveness must be one of the most important factors that interferes with the HEV market value, such that it should be considered carefully. In particular, the key material costs can be deduced by its raw material costs. It should be noted that the Prius machine can provide the best cost-benefit within the peer group, and it becomes one of the key reasons why this machine type is so popular in the HEV market.
Controllability and reliability are two of the most important criteria for HEV applications. Since the four studied machines all employ the conventional BLAC conduction scheme, all of them share a similar level of controllability. For reliability, because all of these machines are designed based on similar protocols, e.g., same voltage limits, same current densities, same cooling devices, etc., all of them should share similar reliabilities. However, because of additional mechanical FA installations, the FA-PS-SFPM machine is relatively less reliable than its counterparts.
To evaluate all four proposed machines more effectively, a scoring index is adopted in Figure 9 . The scoring index consists of six important criteria while each of them is scored from point 1 to 5, where 1 implies the worst and 5 the best. Consequently, if all the criteria are included, the hybrid PS-SFDE machine will be able to serve as a very all-round machine for HEV industries.
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